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Spin Hall magnetoresistance (SMR) refers to a resistance change in a metallic film 
reflecting the magnetization direction of a magnet attached to the film. The mechanism 
of this phenomenon is spin exchange between conduction-electron spins and 
magnetization at the interface. SMR has been used to read out information written in a 
small magnet and to detect magnetization dynamics, but it has been limited to magnets; 
magnetic ordered phases or instability of magnetic phase transition has been believed to 
be indispensable. Here, we report the observation of SMR in a paramagnetic insulator 
Gd3Ga5O12 (GGG) without spontaneous magnetization combined with a Pt film. The 
paramagnetic SMR can be attributed to spin-transfer torque acting on localized spins in 
GGG. We determine the efficiencies of spin torque and spin-flip scattering at the 
Pt/GGG interface, and demonstrate these quantities can be tuned with external 
magnetic fields. The results clarify the mechanism of spin-transport at a 
metal/paramagnetic insulator interface, which gives new insight into the spintronic 
manipulation of spin states in paramagnetic systems. 
Spintronics1 aims to add new functionalities to the conventional electronics using 
interconversion of spin angular momentum between different carriers in solids2. Especially, 
the spin exchange between conduction-electron spins in a normal metal (NM) and 
magnetization, M, in a ferromagnet (FM) is a central topic3 to the branch of spintronics trying 
to manipulate M for developing new types of magnetic memory devices4. When spin angular 
momentum is transferred into a FM through a NM/FM interface (Fig. 1a), it modifies the 
transverse dynamics of M by exerting two types of torque, known as spin-transfer torque5,6 
(or damping-like torque) and field-like torque7, while it hardly couples to the longitudinal 
component. This is because the magnetic susceptibility in spin order, such as FM, is 
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anisotropic due to the broken rotational symmetry reflecting spontaneous M; the magnetic 
susceptibility is large (small) along the transverse (longitudinal) direction, resulting in 
anisotropy into the spin injection.  
The efficiency of the transverse spin injection has been characterized by the spin-mixing 
conductance8,9 G↑↓. Its evaluation is of crucial importance in spintronics as G↑↓ governs the 
device performance10. To this end, the spin Hall magnetoresistance11-21 (SMR) can be a 
powerful tool. SMR is a resistance modulation effect in NM caused by a spin-current flow in 
NM and spin injection across a NM/FM interface. So far, SMR has been detected in NMs 
with various ordered magnets including ferrimagnets11-17, ferromagnets18, and 
antiferromagnets19-21, which quantified G↑↓ in the magnets. 
Here, we demonstrate spin Hall magnetoresistance in an isotropic paramagnetic insulator 
(PI) Gd3Ga5O12 (GGG), with a NM (Pt) contact. Unlike ordered magnets, a paramagnet has 
no spontaneous magnetization and shows huge longitudinal susceptibility. At the interface, 
conduction-electron spins in the NM couple not only to the transverse component 
(spin-transfer and field-like torque) but also to the longitudinal component of spins in PI 
through the interfacial spin-flip process22,23 (Fig. 1b), whose efficiency is characterized by the 
effective spin conductance24,25 (or spin-sink conductance) Gs; both G↑↓ and Gs are crucial for 
spin exchange at NM/PI interfaces. First, we show evidence of the paramagnetic SMR in 
Pt/GGG through transverse resistivity measurements. By combining experimental and 
theoretical results, we then evaluate G↑↓ and Gs, and demonstrate that these spin conductances 
are controllable with external magnetic fields B. Such controllability in paramagnets is 
distinct from SMR in ordered magnets, highlighting the novelty of the paramagnetic SMR. 
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Results 
Material characterization. 
Figure 1c shows the temperature (T) dependence of the magnetization of GGG, which 
follows the Curie-Weiss law down to 2 K with a very low Curie-Weiss temperature ΘCW = -2 
K. M arises from Gd3+ spins (S = 7/2), which are coupled via a weak exchange interaction26 of 
0.1 K. Because of the half-filled 4f-shell in Gd3+, the orbital angular moment is zero, leading 
to the very small magnetic anisotropy26 of 0.04 K, which makes GGG an ideal isotropic spin 
system.  
Measurement setups. 
We have investigated paramagnetic SMR in a Pt/GGG junction system. SMR originates 
from a combination of the direct27 and inverse spin Hall effects28,29. When the charge current 
Jc is applied to the Pt layer, the spin Hall effect (SHE) creates a conduction-electron spin 
current, Js, with the spin polarization σ flowing along the σ×Jc direction (Fig. 1d). When the 
spin current Js reaches the interface, it is reflected back into the Pt layer and again converted 
into a charge current via the inverse SHE (ISHE), causing the modulation of the Pt resistivity 
ρPt. We can tune the reflected spin current and thereby ρPt by the field-induced magnetization 
M ~ S∥  of the GGG. At the Pt/GGG interface, conduction-electron spins in the Pt layer 
interact with the paramagnetic spins S in GGG via the interface exchange interaction, that 
exerts torque on the localized spins. This torque is maximal (minimal) when σ⊥ S∥  (σ || 
S∥ ), where the intensity of the reflected spin current and the resultant ISHE are suppressed 
(enhanced). Therefore, ρPt becomes higher for σ⊥ S∥  than for σ || S∥ . Besides, the 
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effective magnetic field due to the interface exchange interaction affects the motion of 
conduction electrons in the Pt layer and gives an additional Hall component, referring to the 
spin Hall anomalous Hall effect12,15(SHAHE). 
SMR measurements at low temperatures have been very difficult so far. This is because, at 
low T and high B, weak anti-localization (WAL) effects appear in magnetoresistance and 
mask SMR signals in a four-probe resistance method30 (see Supplementary Note 2). To 
overcome the problem, we measured transverse resistivity of the Pt layer (see Fig. 2d), in 
which WAL does not appear even under B; the setup allows us to investigate 
magnetoresistance free from WAL at low T and high B. 
Observation of spin Hall magnetoresistance with a paramagnetic insulator. 
First, we measured the transverse resistivity at 2 K with B at α = 45°, where the transverse 
SMR becomes the most prominent. The B-rotation angle α is defined in Fig. 2d. Figure 2b 
shows the field dependent magnetoresistance (FDMR) of the normalized transverse resistivity 
ΔρT(B) = [ρT(B) - ρT(0)]/ρL(B = 0), where ρT (ρL) is the transverse (longitudinal) resistivity. 
We observed clear magnetoresistance at α = 45°, in sharp contrast with the result at α = 0. The 
observed magnetoresistance increases with B for |B| < 5 T, while it is saturated for |B| > 5 T. 
The B range, at which the magnetoresistance is saturated is similar to that of M (see the M-B 
curve in Fig. 2a), suggesting the field-induced paramagnetism plays a dominant role in the 
magnetoresistance.  
SMR can be discussed in terms of the B-angle (α) dependence, which is phenomenologically 
given by cos(α)sin(α) for the transverse component (refs. 12, 22). We then investigated the 
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angular dependent magnetoresistance (ADMR) of ΔρT at 2 K by changing α in the xy-plane at 
|B| = 3.5 T (Fig. 3d). As shown in Fig. 3b, importantly, we observed a clear cos(α)sin(α) 
feature, consistent with the transverse SMR scenario11,12. Figure 3e shows the ADMR results 
at various values of B, which are well described by SSMRADMR(B)cos(α)sin(α) (except for B = 0). 
The extracted amplitude SSMRADMR(B) is plotted in Fig. 3a (purple circles), showing good 
agreement with the FDMR result (blue solid line). Here, the SSMRFDMR(B) value was obtained by 
comparing ΔρT(B) between α = 45° (Fig. 2b) and α = 135° (inset to Fig. 2b); SSMRFDMR = 
ΔρT(45°) − ΔρT(135°). We confirmed that the Hanle magnetoresistance31 is negligibly small 
in this sample (see details in Supplementary Note 3). We thus conclude that the observed 
FDMR and ADMR are the experimental signature of the paramagnetic SMR. 
We found that the paramagnetic SMR manifests itself even in longitudinal resistivity 
measurements (sketch in Fig. 3f). Figure 3c shows the ADMR result at 2 K and |B| = 3.5 T. 
The normalized longitudinal resistivity change ΔρL(α) = [ρL(α) - ρL(0)]/ρL(B = 0) is described 
by LSMRADMRcos2(α), consistent with the expected behavior of SMR11,12, i.e. the higher (lower) 
resistivity for Jc || B (Jc⊥B). Except for B = 0, similar cos2(α) dependence was confirmed at 
various values of B as shown in Fig. 3g, and LSMRADMR(B) agrees with SSMR(B) (see Fig. 3a). 
Therefore, even from the longitudinal FDMR results, we successfully discerned the 
paramagnetic SMR from the WAL background signals (see details in Supplementary Note 4).  
Observation of spin Hall anomalous Hall effect with a paramagnetic insulator. 
In the transverse resistivity measured with applying B in the z direction (sketch in Fig. 2e), a 
clear SHAHE signal shows up (Fig. 2c). After subtracting the B-linear ordinary Hall effect 
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(OHE) component ρOHE (the original plot is presented in Supplementary Note 5), we found a 
small B-nonlinear signal SSHAHE for |B| < 5 T at 2 K. For positive (negative) B, a negative 
(positive) signal appears; this B-odd dependence is characteristic of SHAHE12,15,16,18. With 
increasing B, |SSHAHE| increases and is saturated at around 5 T, concomitant with the saturation 
of M in GGG (see Fig. 2a). 
Modeling of spin Hall magnetoresistance and spin Hall anomalous Hall effect. 
We formulate the observed magnetoresistance using the interface exchange coupling 
between conduction-electron spins in the NM and localized spins in the PI. The conventional 
theory12 of SMR is formulated for a FM/NM interface with spontaneous magnetization, which 
cannot thus be directly applied to the PI/NM interface. We describe the spin current at the 
NM/PI interface23 using the boundary condition written as 
−eJs = Grn × (n × µs) + Gin× µs + Gsµs,                                    (1) 
where e is the elementary charge, Js is the spin current at the interface, n is the unit vector of 
B, µs is the spin accumulation in the NM side, G↑↓= Gr +iGi is the spin-mixing conductance, 
and Gs is the effective (longitudinal) spin conductance. The first and second terms in the right 
hand side of Eq. (1) correspond to the spin-transfer and field-like torque, respectively, and the 
third indicates the spin-flip process. We calculate the spin conductances in Eq. (1) for the 
NM/PI interface as 
Gr(B) =A1 S(S+1)− coth( ξ 2 )+ ξ4sinh2(ξ 2) SBS(Sξ)  ,                        (2) 
Gi(B) = A2SBS(Sξ),                                                      (3) 
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Gs(B) = − A1 ξ2sinh2(ξ 2) SBS(Sξ),                                           (4) 
where BS(x) is a Brillouin function of spin-S as a function of x,  ξ(B) = C1B T (T+ ΘCWeff ) , 
ΘCWeff  is the effective Curie-Weiss temperature, which contains the Curie-Weiss temperature 
ΘCW, S = 7/2 is the electron spin of a Gd3+ ion, and C1 is a numerical constant. A1 and A2 are 
fitting parameters, which contain the number of spins per unit area at the interface nPI and the 
dimensionless coefficient of the interfacial s-f exchange interaction Jint (see details in 
Supplementary Notes 6-9). Finally, the magnetoresistance as a function of B is given by: 
SSMR(B) = D1{ℛ(Gs)− Re[ℛ(Gs − G⇅)]},                                    (5) 
SSHAHE(B) = D1Im[ℛ(Gs − G⇅)],                                           (6) 
where ℛ(x) = (1− D2x) (1− D3x), D1, D2, and D3 are known numerical constants. We 
obtained the best fits using Eqs. (5) and (6) simultaneously as shown in Fig. 4a with the 
values of nPI = 6.94×1016 Gd atom/m2, ΘCW = -1.27 K, and Jint = 0.13. 
Figure 4b shows the B dependence of Gr, Gi, and Gs, with the estimated parameter values. 
At zero magnetic field, Gr and Gi vanish, while Gs takes the maximum value of 8.7×1012 S/m2. 
By increasing B, both Gr and Gi monotonically increases, but Gi increases more rapidly than 
Gr (see Eqs. (2) and (3)), and Gr (Gi) approaches the value of 1.0×1013 S/m2 (7.4×1012 S/m2) 
at around 5 T (3 T). On the other hand, Gs monotonically decreases with B and approaches 
zero. 
Discussion 
 9 
 
The B-dependent spin transport at the interface is a unique feature of paramagnets, in sharp 
contrast to FM where Gr and Gi are almost independent of B. At the NM/PI interface, all the 
torque is cancelled out with the randomized spin ( S∥  = 0) at B = 0, resulting in Gr = Gi = 0. 
When the PI acquires a net magnetization with applying B, a finite Gr and Gi appear. On the 
other hand, Gs decreases with B due to the Zeeman gap (∝ gµBB, where g is the g-factor and 
µB is the Bohr magneton). At small B, the localized spin can be easily flipped by spin and 
energy transfer between the conduction electron and localized spin. By applying B, the 
degeneracy of the paramagnetic spin is lifted to split into different energy levels by the 
Zeeman effect. Because the energy scale of the SHE-induced spin-flip scattering is governed 
by kBT, where kB is the Boltzmann constant, at 2 K it can be suppressed by increasing B (9 T 
for electrons corresponds to the energy scale of 25 K), leading to the reduction of Gs. 
Now we can explain the mechanisms of SMR and SHAHE in the present system. Our results 
indicate the spin-transfer and field-like torque play important roles in SMR and SHAHE for 
paramagnets, respectively. Figure 4d (4f) shows the comparison between Gr and SSMR (Gi and 
|SSHAHE|). We found that the B dependence of SMR (SHAHE) is directly proportional to Gr 
(Gi): SSMR(B) ∝ Gr(B) [SSHAHE(B) ∝ Gi(B)]. Because Gr and Gi represent the efficiencies of 
the spin-transfer and field-like torque, respectively (Figs. 4c and 4e), the agreement indicates 
that the spin-transfer (field-like) torque drives SMR (SHAHE) in Pt/GGG. 
Finally, we discuss the interfacial parameters Jint, nPI, and ΘCW, which are estimated for the 
first time. We obtained the interfacial exchange interaction of about 2 meV (see 
Supplementary Note 9 for the calculation from Jint). This value is of the same order of 
magnitude as the one found in Pt/EuS interface18, 3-4 meV, where also s-f exchange coupling 
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between Eu atoms and conduction electron is expected. The estimated Gd atom density 
corresponds to only 1% of the bulk value for GGG. The depletion of Gd atoms at the interface 
is consistent with the smaller magnitude of the Curie-Weiss temperature of -1.27 K than the 
bulk value of -2 K (see the inset to Fig. 1c), indicating the decrease of the exchange 
interaction among Gd atoms at the interface. The feature may be attributed to possible 
damage of the GGG surface crystallization during the Pt sputtering.  
In summary, we observed the SMR and SHAHE in Pt on a paramagnetic insulator 
Gd3Ga5O12. The observed SMR with GGG will open a new research direction of spintronics 
with 4-f electron systems in rare-earth compounds32. We clarify the quantitative values of the 
microscopic spin parameters at the interface to GGG, which give crucial information for 
simulating spintronic functionalities with realistic conditions and accelerating material 
science. 
Methods 
Sample preparation 
We obtained a single-crystalline Gd3Ga5O12 (111) (500 µm thickness) from CRYSTAL 
GmbH. For the magnetization measurement, the slab was cut into 3 mm long and 2 mm wide. 
The device consists of a 5-nm-thick Pt film deposited by magnetron sputtering in Ar 
atmosphere on the top of the GGG slab. After the Pt deposition, a Hall bar (thickness d = 5 
nm, width w =100 µm and length l = 800 µm) was defined by photolithography and an Ar-ion 
milling process. 
Magnetization measurement 
We measured the magnetization for the GGG slab using a vibrating sample magnetometer 
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option of a Quantum Design physical properties measurement system (PPMS) in the 
temperature range from 2 K to 300 K under external magnetic fields up to 9 T. 
Magnetoresistance measurement 
We measured Pt resistivity by a DC reversal method33 to exclude thermal effects, with 
magnetic fields up to 9 T at 2 K in a PPMS. We applied a d.c. charge current, Jc, using a 
Keithley 6221 current source with typical amplitude of 200 µA and detected a voltage with a 
Keithley Nanovoltmeter after the time delay of 20 ms. We measured longitudinal and 
transverse voltages (VL and VT) by applying Jc. We define the longitudinal (transverse) Pt 
resistivity as ρL = wdRL/l (ρT = dRT), where RL = VL/Jc (RT = VT/Jc,) is the Pt longitudinal 
(transverse) resistance15 (see Supplementary Note 1). In the manuscript, we mainly show the 
transverse resistivity normalized by the longitudinal resistivity, ΔρT(x) = [ρT(x) - ρT(0)]/ρL(B = 
0), where x = B or α. 
Data availability 
The data that support the findings of this study are available from the corresponding author on 
request.  
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Fig. 1 Concept of interfacial spin exchange and sample structure. a,b Schematic 
illustrations of the spin exchange at a normal metal (NM)/ferromagnet (FM) interface 
(a) and a NM/paramagnetic insulator (PI) interface (b). M, B, and S denote the 
directions of the magnetization, the applied magnetic field, and localized spin, 
respectively. The blue, red, and green arrows represent the directions of angular 
momentum related to the spin-transfer torque, field-like torque, and spin-flip process, 
respectively. c Magnetization M of GGG as a function of the temperature (T) from 300 
to 2 K at B = 0.1 T. The inset shows the 1/M plot as a function of T. The blue plots and 
red line indicate the experimental results and a linear fit, respectively. d A schematic 
illustration of the Pt/GGG interface. Jc, Js, and σ denote the spatial directions of the 
charge current, spin current, and spin polarization of conduction electrons in Pt, 
respectively. Js with σ is generated in Pt via the SHE with the application of Jc.   
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Fig. 2 Observation of paramagnetic spin Hall magnetoresistance (SMR) and spin Hall 
anomalous Hall effect (SHAHE) in Pt/GGG system. a The magnetization of GGG as a 
function of the magnetic field (B) at 2 K. b The normalized transverse resistivity ΔρT as 
a function of B at 2 K. The deep blue (grey) curve shows the field dependent 
magnetoresistance (FDMR) result of ΔρT with B at the angle α of 45° (0). The light 
blue (grey) curve in the inset shows the FDMR result of ΔρT with B at α = 135° (90°). c 
The B dependence of SHAHE at 2 K. The red curve shows the FDMR of SSHAHE with B 
applied perpendicular to the sample. In c, we subtracted the linear component of the 
ordinary Hall effect (see Method and Supplementary Note 5). d (e) A schematic 
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illustration of the FDMR measurement setup for SMR (SHAHE). Jc and B denote the 
spatial directions of the charge current and the magnetic field, respectively, and the 
angle between them is defined as α (see d).  
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Fig. 3 Magnetic field dependence of paramagnetic SMR in Pt/GGG. a The magnetic 
field (B) dependence of the SMR signals obtained from the field dependent 
magnetoresistance (FDMR) and angular dependent magnetoresistance (ADMR) 
measurements at 2 K. The solid curve represents the FDMR result defined by 
SSMR
FDMR = ∆ρT(45 °) − ∆ρT(135 °) . The purple (light blue) circles show the ADMR 
results in the transverse (longitudinal) measurements obtained via the fitting using 
SSMR
ADMRcos(α)sin(α) [LSMR
ADMRcos2(α)]. b,c The results of the transverse and longitudinal 
ADMR measurements for Pt/GGG. b (c) shows the α dependence of the transverse 
(longitudinal) measurement at 2 K with rotating B (= 3.5 T) in the x-y plane. The 
orange solid curve in b is a SSMR
ADMRcos(α)sin(α) fit and that in c is a LSMR
ADMRcos2(α) fit. 
d-g The B dependence of the ADMR in the transverse and longitudinal 
measurements. d (f) shows a schematic illustration of the transverse (longitudinal) 
ADMR measurement setup. The black and red arrows indicate the applied current Jc 
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and the magnetic field B, respectively. α denotes the angle between Jc and B. e (g) 
shows the transverse (longitudinal) ADMR results at 2 K with various B.  
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Fig. 4 Comparison with theory, magnetic field dependence of the spin conductances, 
and mechanisms of paramagnetic SMR and SHAHE. a SMR (blue unfilled circles) 
and AHSMR (red unfilled circles) together with the model results of SMR (blue curve) 
and SHAHE (red curve) at 2 K as a function of the magnetic field (B). We obtained the 
fitting curves by using Eqs. (5) and (6). b The B dependence of the interfacial spin 
conductance at 2 K. The blue, red, and green curves indicate Gr [Eq. (2)], Gi [Eq. (3)], 
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and Gs [Eq. (4)], respectively. c-f The mechanisms of SMR and SHAHE at the NM/PI 
interface. c (e) A schematic illustration of the spin-transfer (field-like) torque, which 
drives SMR (SHAHE). B and S denote the directions of the applied magnetic field and 
localized spin, respectively. d (f) The comparison between Gr (Gi) and the 
experimental result of SMR (SHAHE) as a function of B. The experimental data of 
SMR (SHAHE) shown in a and d (a and f) are the same as those in Fig. 3a (Fig. 2c). 
